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Abstract 
Acoustic-optic tunable-filter (AOTF technology is a recent development that 
offers potential for rapid, frequency-agile tuning over a large optical wave- 
length range. An AOTF is an electronically tunable phase grating set up in 
an anisotropic crystal by the propagation of an ultrasonic wave in the crystal. 
Such filters have many attractive features, such as small size, lightweight, 
computer controlled operation, large optical wavelength range of operation, 
and no moving parts; and their operation can be made ultrasensitive by the 
use of advanced signal processing algorithms. These filters are being used in 
many applications such as the design of new spectroscopic instruments, 
remote detection and monitoring of chemicals, optical communication 
networks, tuning of laser cavities, etc. 



Foreword 

This volume, Supplement to the Proceedings of the First Army Research Laboratory 
AOTF Workshop, contains the viewgraphs that were presented at the conference. 

Acousto-optic tunable filter technology (AOTF) has made significant progress in the last 
30 years. These electronically tunable filters are finding many applications in various fields, 
such as chemical and environmental sensing, communications, hyperspectral imaging, 
pharmaceuticals, medicine, semiconductor processing, space exploration, etc. Due to their 
compact size and no moving parts, AOTF's offer numerous advantages over traditional 
grating-based technology. There is a tremendous potential offered by this technology, 
which remains to be fully utilized. One of the main motivations in organizing this 
workshop, the first of its kind, was to create a forum of experts and users that would 
provide the synergy to give a much needed impetus for the rapid development and 
exploitation of this promising technology. 

In the Fall of 1995,1 had the great privilege of visiting many Russian institutions involved 
in the research and development of this technology, and meeting with Russian scientists 
working in this field. This experience gave me the idea to bring U.S. and Russian scientists 
together for an intimate exchange of information and ideas for the advancement of AOTF 
technology. This workshop provided an avenue to implement this idea. 

It has been a great deal of work to pull this workshop together, but the outcome has been 
worth many times the effort. It was a great experience to listen to the experts as well as the 
newcomers talk about AOTF basic research and applications for two full days. 

I would like to thank my sponsors at the Army Materiel Command (AMC) and Army 
Research Laboratory (ARL) for providing the necessary funds to make this workshop 
possible. I would also like to thank every attendee for participating in this workshop, 
especially the Russian scientists for taking this long trip. 

Neelam Gupta 
Army Research Laboratory 
Adelphi, MD, USA 
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First ARL Workshop on Acousto-Optic Tunable Filter Technology 

Center for Adult Education, University of Maryland, College Park, MD 

Tuesday, September 24,1996 
AOTF Technology 

Morning Session, Chair Andree Filipov, USARL-SEDD 

8:30 - 8:55     Check-in/Registration/Continental Breakfast 

8:55 - 9:00     Administrative Announcements 

9:00 - 9:20     Welcome & ARL Overview, John Pellegrino, Director, Sensors and 
Electron Devices Directorate, US Army Research Laboratory 

9:20 - 9:40     AOTF Overview, Neelam Gupta, USARL 

9:40 -10:10   Progress in AOTF Technology, I. C. Chang, Aurora Associates, Santa 
Clara, CA 

10:10-10:40 Break 

10:40 -11:10 Collinear AOTF Spectrometers: Problems, Results, Methods of Spectral 
Measurements, V. I. Pustovoit, Central Bureau of Unique Instrumentation, 
Moscow, Russia, and N. Gupta, USARL 

11:10 -11:40 Recent Advances in AOTF Design and Fabrication at SPS AAI, V. V. 
Kludzin, S. V. Kulakov, and V. V. Molotok, St. Petersburg State Academy 
of Aerospace Instrumentation, St. Petersburg, Russia 

11:40-1:00   Lunch 

Afternoon Session, Chair Neelam Gupta, USARL-SEDD 

1:00 - 1:30     Application of AO Interaction for Filteration of Arbitrary Polarized 
Radiation, V. Voloshinov, Physics Department, Moscow State University, 
Moscow, Russia 

1:30 - 2:00     Improvement of Resolution of Visible AOTF in Te02, V. Pelekhaty, 
Brimrose Corp. Of America, Baltimore, MD 

2:00-2:30     Growth of Acousto-optic Crystals with High Anisotropy and Development 
of Multichannel Acousto-optical Processors, Y. B. Pisarevsky 



2:30 - 3:00     Break 

3:00 - 3:30     Progress in AOTF Technology for WDM Systems, D. Smith, Case 
Western Reserve University, Cleveland, OH 

3:30 - 4:00     Integrated AOTF for Blue-Green Spectral Region, C. S. Tsai and A, M. 
Matteo, University of California, Irvine, CA 

4:00 - 5:00     AOTF Demonstrations 

6:30 Banquet, University Of Maryland, College Park 

Wednesday, September 25,1996 
AOTF Applications 

Morning Session, Chair Andrzej Miziolek, USARL-WMRD 

8:30 - 9:00     Registration/Continental Breakfast 

9:00 - 9:30     Application of AOTF in Analytical Chemistry, C. D. Tran, Marquette 
University, Milwaukee, WI 

9:30 - 10:00   Application of AOTF Technology for Chem/Bio Detection, N. Gupta and 
N. F. Fell Jr., US Army Research Laboratory, Adelphi, MD 

10:00 -10:30 Break 

10:30 -11:00 An AOTF-Based Near-Infrared Spectrometer for Process Control, S. 
Medlin, U. Eschenaur, and W. Danley, Brimrose Corp. Of America, 
Baltimore MD 

11:00 - 11:30 Application of AOTF to Near IR Spectroscopy and High Fidelity 
Spectroscopic Imaging, E. N.Lewis, National Institutes of Health, 
Bethesda, MD 

11:30-1:00   Lunch 

Afternoon Session, Chair James Gillespie, USARL-ISTD 

1:00 -1:30     Factors Affecting AOTF Image Quality, L. J. Denes, B. Kaminsky, M. 
Gottlieb, and P. Metes, Carnegie Mellon Research Institute, Pittsburg, PA 



1:30 - 2:00     An AOTF Camera for Multispectral Imaging, S. Simizu, R. T. Obermyer, 
C. J. Thong, M. Uschak, S. G. Sankar, Advanced Materials Corp., 
Pittsburg, PA, D. J. Denes, D. A. Purta, and M. Gottlieb, Camegie Mellon 
Research Institute, Pittsburgh, PA 

2:00 - 2:30     Simultaneous Multispectral Imaging with a 12 Parallel Channel Tunable 
Camera, J. A. Carter m, D. R. Pepe, Photonics Systems, Inc., Melbourne, 
FL, and M. L. Shah, MVM Electronics, Inc., Melbourne, FL 

2:30 - 3:00     Break 

3:00 - 3:30     Polarimetric Hyperspectral Imaging Systems, L.-J. Cheng, G. Reyes, and 
C. La Baw, Jet Propulsion Laboratory, CA, and G. P. Li, University of 
California, Irvine, CA 

3:30 - 4:00     Multiplexing Methods in AOTF Multispectral Imaging, P. Treado, and J. 
Turner, University of Pittsburgh, Pittsburgh, PA 

4:00 - 4:30     Remote Spectral Imaging System Based on an AOTF, T. Vo-Dinh, Oak 
Rigde National Laboratory, Oak Ridge, TN 

4:30 Workshop Closing 
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Collinear AOTF Spectrometers: 
Problems, Results, and Methods of 
Measurements 

by 

V. L PustOVOlt, Central Bureau of Unique 
Instrumentation of Russian Academy of Sciences, Russia; & 
N. Gupta, Army Research Laboratory, USA 

17 



OPTICAL SCHEME OF AO SPECTROMETERS 

PHOTOMULTIPLY 

HIGH FREQUENCY 
ELECTR.SIGNAL 

CHANNEL-1* 

CHANNEL-2" 

PHOTOMULTIPLY 
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AO Cell transduser 

input 
light 

polarizers 

output diffracted 
light 

AOcell 
■ol.-l Pol.-2 

Transducer 

Pol-1 AO Cell 

^ 

J Transducer 

c 

■of-2 

Fig.2. Collinear Acousto-Optic Filters: 
a~ with mirror inside of crystal, 
b- with reflecting sound wave surface, 
c-with reflecting diffracted light. 
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ACOUbiu-upu^ öpeuuumeitJi    uuariz-t 

Specifications: 
Spectral Range, nm 415 to 790 
Resolution, nm Vi 1? 
Wavelength measurement instrumental error, nm ± 0.1b 
Sensitivity, W ]<?-12 
Dynamic range, dB 45 
Minimum measurement time at one spectral point, ms  32 
Max. number of spectral points 4096 
Input angle 2 degrees 
Input window ^ 6 mm 

Forming 

9pticsi     Polarizer 1 

^L£H!(Si02) 

ransducer 

High-Frequency 
Electrical Signal 

Measured    Signal 

—       Mirror 
Photomultiplier 
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Murmansk, 31.08.90 
time from 11.52 - 13.24 

2.5 

■—11:52:38 
—12:02:17 
—12:05:13 
— 12:06:58 
—12:13:45 
—12:19:13 
— 12:22:25 

12:26:08 
12:29:58 
12:32:57 

12:42:59 
12:44:59 

12:46:57 
12:52:14 

— 12:56:15 
13:05:58 

- 13:07:58 
13:08:11 

-13:11:25 
-13:12:27 
-13:14:19 

13:15:59 
-13:26:57 

30 Page 1 
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Human and Sea-gull Vision System 

sensitivity of photodetectors 
RGB system 

Blue Green Red 
wave length 

The curves of sensitivity of eyes (photodetectors) has three fixed maximums 

The curves of sensitivity of eyes 
(photodetectors) of Sea-Gull 

vision system 
has three fixed maximums, 

which can move on spectral axis 

sensitivity of photodetectors 

AcoustO-Optical System for the transmission, processing, 
and recognition of images 

2-D Array 
photoreceiver 

AOTF / 

CMMjElH 
amplitude 
frequensy 
control J 

analyse 
system 

Computer 

Person 

(V.E.Pozhar and V.I.Pustovoit. 
PaduomexHUKa u BJieKmponuKa, 1996,v.41, JVslO) 
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Pollution Detection Threshold 
SAGA-K                            SAGA-T 

Measured pollutant 

Detection 
Threshold, 
ppm, not 

greater, cell 
75cm 

Maximum 
measured 

concentration 
ppm, not 

greater, cell 
20cm 

Detection 
Threshold, 
ppm, not 

greater, path 
200m 

Maximum 
measured 

concentration 
ppm, not less, 

path 30m 

Sulfur dioxide, SO2 2 4500 0,02 50 

Nitrogen dioxide, NO2 5 3000 0,02 40 

Carbon disulphide, CS2 14 4000 0,02 100 

Ozone, O3 20 5000 0,02 100 
Chlorine, CI2 20 6000 0,1 100 

Formaldehide, H2CO 20 6000 0,1 100 
Benzene, CeHe 2 1000 0,03 10 
Toluene, C6H5-CH3 3 1500 0,04 15 
Phenol, CeHsOH 0,6 100 0,003 1 
Naphtalene, C-ioHs 0,7 120 0,003 0,5 
Pyrene, C16H10 0,3 12 0,002 0,3 
p-Xylene, CsHio 100 2000 0,5 250 
m-Xyiene, C»Hio 2 1200 0,03 12 
o-Xylene, CsHio 4 3000 0,06 30 
Acetone, (CH3>2CO 10 5000 0,3 50 
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OPTICAL SCHEME OF ATMOSPHERIC 
POLLUTION MEASUREMENT 

mirror 
beam splitter 

amplifier 

frequency 
synthesizer 

object (atmosphere)   angle 
reflector 

X formi 

o 
ng optic 

polarizer-1 

AO cell 

\\\\v \\\\v \\\\v polarizer-2 

PMT 

amplifier 

acousto-optical 
spectrometer 
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Recent Advances in AOTF Design and Fabrication at 
St.Petersburg State Academy of Aerospace 

Instrumentation 
V.V.Kludrin, S.V.Kulakov, V.V.Molotok 

St. Petersburg State Academy of Aerospace Instrumentation, 
Laboratory ofAcousto - Optic Systems, 

67B.Morskaia St., St.Petersburg, 190000, Russia, 
Phone/FAX: +7 (812) 108-4204, E-mail:molotok@sofijoys.ru 

1. The main advantages of the acoustooptic tunable 
filters (AOTF) 

i. Controllable tuning by an electronic signal 
2. Fast switching speed 

3. Extended angular aperture 

4. Compatibility with electronic analog and digital 
modules 

s. simple design and small sizes 

37 



4. AOTF used for modulating spectrum width of a 
wideband optical signal. 

X,o 

spectrum of input 
optical signal 

D 
Si(t) 

S2(t) 

i 
AOTF 

spectrum of 
output optical signal 

Si(t)   ' S2(t) 

T<D/v - clock rate 

0<T<T;    8X=kx 

38 



a)   (T=T) b)  (T=0.5T) 

Flg.4. Spectral responses of CaW04 collinear AOTF 

a)  (x=0.5T;T=0.5D/v) b)  (T=0.5T; T=0.25D/v) 

Rg.5 
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5. AOTF used in spectrometry 
Table 4. Spectrometer parameters 

AOTF 
materials 

Analysis 
range, 
um 

Control 
frequency range, 
MHz 

Resolution, nm 
(X=0.63 fim) 

Transmission 
coefficient 

Analysis time, 
ms 

Interaction 
regimes 

Water 0.4-0.7 28-50 2.5 0.5 
P«0.1 W 

;>2 Isotropie 

PbMo04 0.6-1.1 90-160 1.5 0.5 
P«0.5W 

l Isotropie 

LiNbOa 0.5-1.0 7-14 6 0.65 
P*0.2 W 

l Sub-collinear 

Te02 0.65-1.5 25-55 1.2 0.8 
P«0.05 W 

>3.5 Quasi-collinear 

CaW04 0.56-1.04 35-65 1.1 0.5 
P*0.5 W 

5 Collinear 
A4/«4.5» 

Fig. 6 Fig.8 
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Conclusion 

1. Acousto-optic tunable filter have several advantages resulting from their 
electronic control and a large variety of available materials regimes. 

2. The anisotropic regimes of acoustooptic interaction seems to be more 
perspective for the most applications. 

3. In some cases, the advantages of isotropic media are worth remembering. 

References 
Design and Fabrication of Acoustoptic Devices. Ed.by A.Goutzoulis, D.Pape. Marcel 
Dekker Inc., New York, 1994 

Dixon R.W. Acoustic diffraction of light in anisotropic media. IEEE Journ., QE-3, #2, 
1967, p.85-93 
Nien S.T.K., Harris S.E. Aperture-bandwidth characteristics of the filter. JOSA, 1972, 
v.62, #5, p.62-676 
Yano T., Watanabe A. New noncollinear acoustooptic tunable filter using birefringence in 
Te02. Appl. Phys. Letters, 1978, v.24,#6, p.256-258 

Chang I.C. Noncollinear acoustooptic filter with large angular aperture. Appl. Phys. Letters, 
1974, v.25, p.370-373 
Sivanaygam A., Findlay D. High resolution noncollinear acoustooptic filters with variable 
passband characteristics: design. Appl.Optics, 1984, v.233, #24, p.4601-4608. 
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Table 2. Physical parameters o ' acousto-optic materials 
Material Transparency 

range, um 
Refraction 
index 
fl.=0.63 um) 

Acoustic velocity 
v* 10s cm/sec 

Figure of merit, 
M2*10-"cVg 

Range of control 
frequencies, MH 
ß=0,63 um) 

Possible interaction 
regimes 

Te02 0.36 - 5 no=2.26 
ne=2.41 

0.617 600 - 1000 50 - 100 w/o collinear 

LiNbOs 0.4 - 4.5 no=2.28 
ne=2.2 

3.9 
6.57 

3-8 400 - 600 all regimes 

CaW04 
(CaMo04) 

0.4 - 4.5 An=| no- 
ne 1=0.016 

2.3 -10 60 collinear 

Si02 0.15-4 no= 1.542 
ne= 1.551 

5.75 -2 80 all regimes 

TlsAsSes 1.25-17 n0=3.38 
ne=3.19 
(X=1.5nm) 

1.0 -700 100 
(X=1.5nm) 

all regimes 

3. Normalization of the spectral response 

For "slow" scanning regime 

8>,~Ä,2; N=AfD/v-number of resolvable points 

Result of normalization 

8M?t)=5M^max)=Const 

if    f(t)=fo+bt2 

T=(N)05D/v 
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[001] 

incident optical 
radiation 

arbitrary 
"* Diffracting 

control signal^—7 beam 

Stop 

AO interaction media 
polarizator (crystal CaWCh) 

passing by 
beam 

Fig.2. Collinear AOTF 

2. The main parameters of AOTF 

a) b) 

0.82 nm 

25 dB 

Fig.3. The spectral responses of AOTF ( Xo=0.63 \im) 
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Table 1. The geometry of different regimes of aconsto-optic interaction 

X/ = »vsin0o 

k ..M.     k-k.l^L 
*'-   v '     K'-K"-   x 

8X.» 
Z)sin0o 

isotropic 

V = Aifovsin0, 

A.= 
271», 

*,= 
2%nd 

hX a 

X  '     '"      X 
a cos ©, 

A/io(A.)Isin20, 
quasicoUinear 

An(A,©,) 
Xf = v r^r- J cos¥ 

subcollinear 

Xf = A»vV(sm40,. + sin2 20.) 

8Ä.» 
X2cos(0a-©,) 
AHo(X)Lsin20,. 

#©,#(0.-0,) = 2 
Tangential 

Xf = An(X)v 
X2 

An(X)L 
coüinear 

A^/^const 
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AÖ cell 
diffracted 

Split 

Collimating 
system 

transducer 

S(t) - control signal 

Fig.l. The isotropic acoustooptic tunable filter 

kXF 
d< 

D 
R = —.    R = — tan0„, 

R=R. 
dX   0.66 

sinc[7i/?(— -1)] 

The advantages of isotropic interaction 
l.'The independence to the polarization of the input optical signal 

2. More materials can be used in manufacturing of devices under different 
technical requirements 

3. Large angular aperture in the plane orthogonal to the acousto-optic 
interaction plane 

4. The isotropic materials are comparatively less expensive and their 
workpieces can be larger 
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Integrated Acousto-Optic Tunable Filters for Blue-Green 
Spectral Region 

by 

C. S. Tsai and A. M. Matteo, University of California, Irvine, 
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Er dopad fiber teoWor 

MOnmout 
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AOTF      PH 

BS 

RFamp 
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D/A 
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lock-in 

d^ 

reference 

InGaAs 

lock-in 
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fio- 3 

50 



(ÄJBJJiqJB) Äl|SU9JU| 

J 

51 



(ÄJBJiiqJB) Aiisuejui 

52 J- 



w 

c 

p 53 



vovBQjo&qrv' 

Absorbance 

r. 
54 



a> 

ft 

fe 
& 

§ 

in 

5 

Ö 
•H 

i 

O 
0 
►3 

J 
Ö 

cPsli =-!-■;; =-:i -H 
It' jHrjüllljijll; i 
gii >• ■ .* 
üi ÜT       " Ü 
'DP' O 

J 

in 

H 

JS   U     £ 55 



56 eouBqjosqv 



öouBqJOsqV 57 



>: 

4 

s 
Q> 

0 
4-» 
CO 

o 
ts 

b ^ co 
CO    ^   oo 

ü  x:   o 
Ü     OsJ 
i  > 

0 
Q 
c 
p 

cö Q 
0 ^ 
CO -^ 
0 .-r 

*£& 0     p     0 
[I]   E "Q 

o 
c 
0 

CO 

< < 

o 
o a 
CO 

Ptf 
O 

H 
CO 
P4 

O 
O 

o 

o 

H 
O 
< 

so 
o\ 
ON 

v. 
«a 

s 

CO 
fa >o 
-    «N 

4 

(4-1 
o 

C/5 

C 
o 

•Z3 
cd o s 

•o 
W 
-*_) 

< 

u. 
& a u 
U 

CO 
UJ 
cc 

§ 
IT 
o 
CQ 

59 

Ü 
cc 
< 
LU 
CO 
UJ 
CC 
>- 

CC 
< 



3= 

1 

LL 
H 
O 
< 

DC 
< 

HI 

■o c 
3 
O 
V) 

A 

O 
Ü 

CM 

<5 
N 

o a 

II 

O 

II 

3= 
'S 

■ ■■■ 

■o 
O 
N 

o a 

a> 
C 
i o 

II 

C 

II 

< 

c o 

o 
V) 
0) 
oc 

2 
o o a 

CO 

60 

CO 
UJ 
OC 

o 
CD 

I 
Ü 
OC 
< 
UJ 
CO 
HI 
oc 
>• 

oc 
< 



u. 
I- 
O 
< 

< 

o 
< 
I- 
V) 
> 

o 
m m 

LU 

< 

X 
LU 

CO 

II 
0 

00 

II 

O 
CD 
(/) 

E o 
in o 
X 
o 
CD 

II 
CO 

O 
O 
CO 

V 

V 

E 
c 
o o 

0 
>        5 

CO 
> 

N 
X 

CO 
CD 
V 

•D 
C 
D 
O 
CO a 

V 
N 
I 

IT) 
CO 

61 

CO 
LU 
CC 

i 
DC 
o 

X o 
CE 
< 
LU 
CO 
LU 
DC 
>- 

DC 
< 



c 
o 

o 'to CO ■4—' i_ 
(0 c c 0 
0 o o c 
Ü • MM 

•4-; o 0 
Ü 
< 

E 

CO o *_ O 
CO 
HI 

0 
CL 
o 

to 
DC 

0 +-» 
3 
CL 

To 
c 
CO 

< 

Z 
< 

> 

Q 
< 

0 
CO 

•MM 

o 
T3 • MB 

0 
CO 

c 
o 

E 
o CO 

C 
CO 

DC Q. 

c 
CO 

DC 
>— 

D 
O 
Z 

i 
o 

to 
0 
CL 

O 
0 

X5 

To 

0 

- 

oa
d 

Tu
ni

ni
 

Z3 
O 
i_ 

XT 
h- 

co 

o 

4—• c 
0 

D" 
0 ap

ab
iii

ty
 fo

 

ig
h 

S
ig

na
l- O 

0 
o 
o 
Ü 
c 

CO 
E 
E 
CO 

co 
o rb

itr
ar

y 
S

p 

0 
X3 
X 
0 

Li. DQ 
• • 

CO 
• 

ü 
• 

X 
• 

ID 
• 

Q. 
• 

< • 
LL 
• 

1- o 
< 

cc 0 
JQ 

< 
CO CO 

c 

LI
N

E
 

o 
a. 

"S 
CO 

0 
CO 
CO 

cc 

o 
'to 

• ■■PB1 

c 
c 
CO 
Ü 

CO 

c 
o 

"to 
0 

o 
a ■■■■ 
+-> 
13 

o 

c 
o 
to o 

• «■ 

C
O

L a. 
E 
o 
O 

CO 

CO 
Q- 

0 
D. 
O 
0 

in
g 

an
d CL 

o 
0 
to 
4-» 

CO 
0 

OC 
To 

CO 
CL 
0 

CO 
c 

to 
DC 
c 
o 

• *■■■> 

CD 
*0 

CO 
c 
"> 0 

ü 

"O 

c CO 
ID 
mmmm 

lig
h 

S
pe

c o 

N 

O 
■ ■■■■ 

MJ 

| 

CO 

o 
:> 
o 

CO 
• «■■■ 

"0 

2 
CL 
0 

*CL 
CO 

o 
CO 

• «■i 

CO 

o 

■■■■■■ 

CO 
• «■■■> 

62 

•«■■■> rn rn CC <! X CL X 

I 



CO 

Ö 
O 

Ü 

• i—( 

O 

00 

o 

6 
o 
CO 

i 

wo 
CN 

CN • 
O 

i 
wo 
© * 
o 

CN • 
O 

+1 

CN 
ON 
00 

+-> 
• »-* 

CN 
r—1 

wo 
T—1 

o 
co • • 
ON • • 
CO • • 
r—1 

O 
o 
CN 

CO 

oo 
1—1 

S 
s o 

CN 

• PH 

> 

O 
o 
00 

1 
o 
o 

wo • 
o 

1 
f-H 

• 
o 

CN • 
© 

+1 

o 
ON 

C/5 
«4-J 

CN 

WO 

o 
co • • 
ON • • 
CO • • 
1—1 

o 
o 
CN 
CO 

00 

E 
£ 

X 

o 
CN 

N 

G 

WO 
00 

© 
CN 

wo • 
o 

i 
CN 

• 
o 

wo • 
o 
+1 

ON 
O 

C/5 ."a 
O 

co 1 

CO 

E 
E 

X 

o 
CN 

s 
o 
OX) 

1 

If 
G 

a 
.2 

'S 
Ü 

G 

o 
fa 

c o 
4-* • »•« 
</> 
o 

■+-* 
G 
o 

o 

E 
G z 

OX) 

Pi 
o 
Q 
< 

G 
O 

Ü 
<G 

IS, 
s 
< 

> 
• *■* 

• C/3 
G 
<D 

00 

a» 
"4-* 

*o 
> 

s 
PLH 

OX) 

u 
Pi 
o 

i 
Q 
o 
> 

• »-* 
■4-> o 

1-4 

< 

O 

CM 
O 

2 
• 1-4 

63 



cc 
< 

< 

< o 
-J 
Q. 
Q_ 
< 

U. 
I- 
O 
< 

64 

Ü c 
CD 
Ü 
CO 
CD 
V— 

o 
13 

LL 
■ c 

ge
nt

s:
 

Ü 

CD 

CO 

BBBBB1 

o 
■*-» 

BBBBB1 

c 
o 

c 
CO 

CO 
"co 

CO 
< CD s E c 
IB 
ü 

—1 
15 2 

< 

"O) CO c +■? O 
o 
o 

E 
CO 

0 
E 

o 
0 

o 
CQ >* 

CO CC 

c 

c 
2 

■ ■MM 

> 

CO 
J— 

0 
Q. 

0 • 
• •* 

Q. 
O 
Ü 
CO 

15 
ü 

o 
BBBBB1 c >> CO o 
CO 
CO 

LU I c. 
O T5 

E 
CD 

BBMBB 

E 
LU 

c 
"co 

C 
CO Ü 

■ •HM 

0 
Q. 

CO 

iin
g 

of
 C

 

c 
o 

BBBBB1 

4-» 
Q. 

c 
0 

CO 
0 

15 

0 
Q- 

Q. 
< 

CO 

C 
"co 
c 
0 

c 
o 

IBM 

13 
N 

O o C0 Ü CO ■ BBBBB 

C 
0 

• 

CO 

< 

E 
oc 

T5 
0 CD 

»BBBBa 

LL 

CO 

o 
Q- 



Q: 
Lü 
H 
LU 

o 

o 
tu a. 
</) 

o = 

C/) 
D 
O 
Ü 
< 

LL 

I 
N 

< 

OP 
LU 

LU 
X o 
0) 

< o 
0. 
o 

65 

9 
3 



0 

GO 

CO 

0 
0 
E 
o 
o 
0 

CO 

o 
< 

o 
CO 

1 o 
(D 
w 

$ 
ON 
0p2 

H
V

 P
o

w
er

 
S

up
pl

y 

F
re

q
u

en
cy

 
S

yn
th

es
iz

er
 

W
id

e-
b

an
d

 
A

m
pl

ifi
er

 

(0 
c 

w 
LL 

66 

> 
I 
r- 

Q. 

3 
O 
*■> 

3 o 
r- 

GL 

0 
© 
E o 
k. +-» 
ü 
CD 
Q. 

CO 
LL 
h- o 
< 



CB 
L. 
+-> o •»> 
CD *- 
CLE 

en 
4-» c 

CO 
LL 

D 
U o 
< 

o 
a 

H *« o 

O 
< 2 

o 
E 

CL 3 
OL PH C 

E • 
X 

03 F E 
_J < 

O) 
X n 

11111111111111111111111111111111111111 ii 111 n ii 111111111111111 j 1111| 11M111 rT| 11 

o o 
00 

o o 

o o 
CD 

E 
c 

D 
C 

8 §> 

o o o o o o o 
o o 
00 

o o 
CD 

o o o o 

X)ISU9)U| 
67 



CO 

-3- 

E 
c 

t—   cr 

> 
TO 

C\J 

CO 

IMUMIIUII iminiiiium'l"«'!1111'11 "I1"1111"!111111111!111111 "M11 ■'**»"!     co 
O Q Q O O O °^8oöööo 

c3 o oo   •       tr> <<*■ CM o o 

68 A)|SU9)U| 



^ 
CVJ     ' 

1 r-  CO 
L0 

... - 

. 

C 
o 

• mmm o 
4-> - CO 

3 LO 

k O 
CO 
CD 

Q: 
UL /*•• 

E 
o c 

< • -   CO  f 

<D -  ">   s 
mmmm ^T 

• JD 0. 

• «MM R 

• «MB 
< 

> 

Q. 
£ 
05 

—I 

- N 
O) m 
X 

-# 
• 

*■ 

1- N 
1 » —1—1—1—1—1—I  -1—1—|—1 1    1    1    1    1    1 i   |   i   i 1     1     1     1     1     i     1 1  ' U") 

o o o o o o o 
o lO o to o LO 
CO CM CVJ ■~ *~ 

• 

X)!SU9)U| 
• 69 

• 



u_ 
H- 
O 
< 

jr 
C/5 

«fr---J •*—» 
a w^— C 

£ '5 
Q. 

£ O 
CD 

o ^r 
■D o" 
C io 

• «■■■> b 
** ^ D 

»i Ü 
^i«'^ Ü 

< 

Ö) 
a» 

CN 

13 S 
O Q. 

co r* Q. 
«4—» E 
4J < 
-C 
D) 

c 
Z5 

CO 
„ 

Iiii i I i i ii I i i i i I i i i i I i i i i I n i i I i i iiIiiiiIi i I I I l 

o     o     o     o     o 
o       o>       00       h-       CD 

o     o     o     o     o 
IO     ^r     co     CM     T- 

70 
A;;su3;u| 



Fluorescein in Methanol Fluorescence 
Corrected for laser power and PMT setting 
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FACTORS AFFECTING AOTF 
IMAGE QUALITY 

L.J Denes, Boris Kaminsky, M. Gottlieb and P. Metes 

Carnegie-Mellon Research Institute 
Pittsburgh, Pennsylvania 

This work was supported under U.S. Army SBIR subcontract No. 
DAAB07-93-C-0005, and U.S. Navy contract N00014-95-1-0591 
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Image Blur Relation to 6] and L 

For small values of 1^- r^ and 04 - 0d, the non- 
critical phase matching (NPM) condition can be 
approximated as 

VA = no(0r€>d) 

The usual NPM aaproximation for tuning is 

Ao/A= An(sin40i + sin220i)1/2 

so that an approximation to the beamspread is 

A0d /AX = (An/nA) (sin4^ + sin22e4)
1/2 

This approximation agrees well with the exact 
calculations. 

It is straightforward to recast the dependence on 
the transducer length by substituting for AX 

AX = 1.87&2/(An.Lsin20i) 

to obtain 

A0d = ((sin40i + sm220i)
1^/sin2ei)(1.87a)/nL 

H 
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u.O        0.2        0.4        0.6 0.8        1.0 

AOTF Bandpass (micrometers) 

Calculated internal beam spread due to the filter bandpass 
for various noncollinear TAS AOTF configurations. 
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Infrared resolution target for imaging system. 

W 
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Figure 5. Infrared target image (a) without AOTP, and (b) with 

noncollinear AOTF. 
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AOTF-1 Parameters 
©! = 12 degrees 

A0! = 6.5 degrees (ext) 
0a = 5.9 degrees 

Lx= 0.33 cm 
L2= 0.66 cm 
L3= 1.32 cm 
L4= 2.32 cm 

AX/X = .01 (for L = 2.32 cm) 
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Scattering 

The ratio of scattered light intensity to diffracted image signal is 
approximately 

I«* /Iim.g. = S cosa <J)(AV5X) + (p ii) 

where: 

S = scattering coefficient 
<J> = scattering angle 
bX = AOTF resolution 
AX = spectral range of light source and detector 
p = polarization loss, at least 50% 
Tl = AOTF efficiency 

For a typical AOTF design, S-IO-5, (A\fiX) = 100, p = 0.5, and n. = 0.5, 
and cos <j> ~1, so that the estimated scattered light intensity is about 
24 dB below the image signal 
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An AOTF Camera for Multispectral Imaging 

S. Simizu, R. T. Obermyer, C. J. Thong, M. J. Uschak, and S. G. Sankar 
Advanced Materials Corporation 

700 Technology Drive, Pittsburgh, PA 15230 

and 

L. J. Denes, D. A. Purta, and M. Gottlieb 
Carnegie Mellon Research Institute 

Pittsburgh, PA 15230 

* Supported by the US Army under Contract No. DAAB07-95-C-M042 
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Overview 

1. Camera System 

Defining Optics 
AOTF Design 
Camera/Imaging Hardware 
RF Drive 

2. System Performance 

Filter Characteristics 
Blur/Background 

3. Target Identification 

Image Pre-processing by AOTF 
Processing Speed 

Advanced Material Corp. 
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Zoom 
Lens 

Slit 
Collimat-1  
ing Lens 

AOTF 

RF 
Drive 

Zoom 
Lens 

CCD 
Camera 

Host Imaging 
Board Computer 

A block diagram of the AOTF camera system 

Advanced Material Corp. 
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Defining 
Optics 

I Ipl 

rf 
Source 

Camera' 
Lens 

Camera 
Analog Output 

Digital Output 

Defining Optics 

• 8-80 mm motorized (focus, zoom, iris) zoom lens 

• Rectangular stop to match 2.5° separation angle of the AOTF 

50 mm collimation lens 

• FOV1.6°-15.6c 

AOTF Crystal 

• AMC/CMRI design 

• Three parallel transducers 

• Vertical diffraction (CCD less sensitive to vertical blur) 
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Defininc 
Optics 

*IS* Camera 
Lens 

Camera #xSal* 

rf 
Source 

Analog Output 

Digital Output 

R.F. Source 

•  Tektronix AWG2040 arbitrary waveform generator 

•   1.024 GS/s 

• 1 Meg of waveform memory 

• 8 bits output 

•  2 V maximum amplitude 

Camera Lens 

•  60 - 300 mm zoom lens 

•   135 mm present position 
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Delininu gg i#f Camera j 
Lens    i 

Camera 
Optics saystau 

rf 
Source 

Analog Output 

Digital Output 

Camera 

DVC Model DVC-10 

SNRof62dbat0.5 1ux 

Spectral range of 0.45 -- 1.0 u 

755 x 484 pixels 

Simultaneous 10 bit parallel and analog video 

Real time capability of 30 frames per second 

On camera digitization 
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Nominal Specifications for 
Te02   Acousto-optical   tunable   filter 

Designed by: 

Louis J. Denes and Milt Gottlieb 
Carnegie Mellon Research Institute 

AR. coating 
(.5-.9+^m) 

1.50 cm 

Three section 
transducer 
(60-24 MHz) 
VSWR<(4/1) 

2.00 cm 

Parallel   to 
Transducer   face 
(polished, no absorber) 

AR coating 
(.5-1.6/im) 

1.50 cm 

1 
Transducer 
face   view 
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(c) 

Fig. 6. Different characteristics of AOTF for three RF driving waveforms: 
(a) Driven by a single sinusoidal wave at 63.57 MHz; 
(b) Driven by a combination of two sinusoidal waves at 60.85 MHz and 63.57 MHz; 
(c) Driven by a spread RF spectrum in the range of 59.03 MHz to 67.21 MHz. 
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Advanced Material Corp. 

0.19 Watts 

we? 

0.65 Watts 

112 



CM 

Q. Q. 
E E 
< < 
a *s 
CO CO 

£ £ 
CM 

■ 0 

in 

\ 

\ 
O JO 

Q) 

O 
Q. 

Q: 

m 
ö 

o 
in 

© o o m 

96BLU| papejjjjQ p Ajisuejui 

113 



A)isuaiu| duiei 

A);sua)U| 

e- o 
Ü 

(0 •c 
© 

S 

1 c 
(D > 
3 

114 



E c 

O) c 
Q) 
> 

JO 

0> CO f» (D             IO             ^ CO CM 
o o o O             O             O 

esuodsey eAjiepy 
o o 

e- o 
Ü 
<n 
CO •c 
© 

"to 

1 c 
CO 
> 
5 

115 



o m 

o o 

o +  vo oo 

o +  o 
00 

o 
in 
r»- 

1 si is £ £ IE o m 

E 
c 

O      O) 

s s 
1 
JO 

o 
in 
CO 

o o 
(0 

o 
to 
ID 

o + o 
If) 

CM 00 
Ö 

CD 
b 

CM 
d 

o 
in 

*)U| eAHB|ey 

o 
ü 
« 
CO 
•c 
a> 

"53 

I 
CO > 

116 



Advanced Material Corp. 

Unfiltered Image 
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(a) Filtered at 643 nm 

(b) Filtered at 603 nm 

(c) Processed Image 

Advanced Material Corp. 
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